The paper investigates the structure and properties of nanoscale multilayer coatings based on (TiZr)N and (TiSi)N produced by vacuum arc technique. Also, it provides an analysis of the impact of partial pressure of nitrogen on structural and phase state of coatings. The nitride phases are strongly textured, crystallographic planes (111) of most grains are oriented parallel to the surface. Dimensions of the coherent scattering regions and values of micro-distortions of the lattice have been calculated. The hardness of coatings reached 37.1 GPa, and the adhesion fracture load exceeds 150 N. The process technology ensures high uniformity of and a low defect rate in obtained coatings.
INTRODUCTION
Materials based on nitrides of refractory metals make a unique foundation for protective coatings [1] [2] [3] . Improvement of physical, chemical, mechanical and tribological properties of coatings can be achieved through application of optimized processing technology and characteristics, e.g. thickness and number of periodic layers, gaseous pressure, and bias potential in deposition.
One of the most promising trends in improvement of performance of nanostructured nitride coatings is creating of multilayer compositions with nanometer-thick layers [4] [5] [6] . In such a case, properties of the system, including emerging internal stresses and their concentration, or crack growth and proliferation, can be significantly changed through interchange of two and more layers of material with different stress-strain performance, which makes it possible to increase fracture toughness in such materials [7, 8] .
The paper provides experimental findings on production and investigation of stress-strain properties of multilayer vacuum arc coatings of (TiZr)N/(TiSi)N type which are composed of nanometer-thick layers.
MATERIALS AND TECHNIQUES OF INVESTIGATION
The samples with coatings were obtained by the vacuum arc technique on an upgraded Bulat unit (Fig. 1) . Deposition of (TiZr)N/(TiSi)N coatings was done from two sources in constant spinning of the fixed samples at the rotation speed of 8 rpm with a fixed stop at each of the two cathodes for 20 seconds.
Ti75Zr25 and Ti94Si6 alloys were used as evaporated materials, and nitrogen was used as a reactive gas. The substrates of 15×15×2.5 mm 3 were cut out of 12Х18Н9Т sheet steel with the surface roughness During the experiment, there were 90 layers of coating applied, each of which contained two (TiZr)N/(TiSi)N interlayers with the total thickness 40-50 nm. The cumulative thickness of the whole multilayer coating made about 4.5 m. The structure and element composition of the nanostructured multilayer coatings were evaluated using FEI Quanta 200 3D and FEI Quanta 600 FEG scanning electron microscopes. The phase composition of nanostructured multilayer coatings was examined by X-ray method using a DRON-4M diffractometer in Cu-Kα radiation. The surface microhardness tests were performed using an AFFRI DM-8 automated microhardness tester. The adhesive strength measurement was done by sclerometry using a REVETEST CSM Instruments scratch tester.
RESULTS AND DISCUSSION
The morphology of the surface of coatings has a rather rugged texture which is attributed to drop constituents found in them (Fig. 2) . Comparison of the morphology of the surface of samples obtained at different nitrogen pressures (0.13 Pa and 0.6 Pa) shows that at a high pressure the number of drop constituents decreases (Fig. 2) . This is especially true with active gases in the vacuum chamber which, in combination with the evaporated material, form refractory compounds. cross-sections of (TiZr)N/(TiSi)N multilayer coatings. It can be seen that thin layers have fairly high uniformity of deposited condensates and insignificant imperfection in thickness.
As revealed by the microanalysis findings (Table 1) , the multilayer coatings have elements, which are present in evaporated materials (titanium, zirconium, silicon), and elements of the substrate (iron). The data of the chemical analysis also indicate that there are variations in the concentration of elements in the coating composition depending on deposition conditions. a b The above findings suggest that the high bias potential (Ub  -200 V) increases the energy of falling particles and thus increases the X-ray component of the plasma flow, which results in an increase of titanium and ammonium in the coating -elements strongly prone to formation of nitrides. Fig. 4 shows typical fragments of X-ray patterns of samples with (TiZr)N/(TiSi)N multilayer coatings. There are lines from elements of substrate (steel) in the X-ray diffraction patterns of all patterns. All nitride phases are strongly textured, the crystallographic planes (111) of most grains are oriented parallel to the coating surface.
The research shows that there are two phases in coatings. However, due to proximity of periods of the two phases which form multilayer coatings it is sug- The analysis of substructural characteristics shows that the increase of pressure of nitrogen atmosphere results in the increase of an average size of TiZrN crystallites in the coating, which is confirmed by the increase of the dimensions of the coherent scattering region. Along with this, the microdeformation of particles of this phase decreases. It is typical for the second phase, that the average size of crystallites also increases, but it goes along with an increase in microdistortions. Silicon additives contribute to an increase of nitride formation, although in all deposition modes the amount of silicon does not exceed 1 At% (Table 1 ). The small amount of silicon prevents coating delamination with SiNx phase formation [8, 9] which is confirmed by an absence of peaks from such phases in diffraction spectra (Fig. 4) .
It is known that the most universal characteristic of mechanical properties of coatings is their hardness. The coating microhardness estimated at the indentation load of 50 g was 29.6 GPa for the first series and 37.1 GPa for the second series.
The findings of sclerometric tests of the adhesive strength of coatings are shown in Fig. 5 and 6 .
When performing scratch testing of coatings obtained at different pressures of nitrogen, similar changes in both friction coefficients and acoustic emission parameters were registered. The friction coefficients grow rather rapidly and steadily up to 55-60 N, after which they slightly decrease and then stay practically unchanged until the loading finishes. The acoustic emission level is rather low, the first noticeable peaks are registered starting from a load of 15 N. The emission curves for all types of coatings are smooth, with no extreme peaks, which is typical for wear without brittle fracture. The wear in all coating areas is smooth (Fig. 6 ) and with no well-defined cleavages, which is typical for plastic abrasion. This kind of wear is observed until the coating is fully worn down to the substrate (Fig. 6, Lc5) .
The tests of the adhesive strength of multilayer coatings have shown that their wear goes smoothly with no cascade cleavages, which is confirmed by the acoustic emission data (Fig. 5) . When scratched, the coatings get worn out but do not peel off, which is the evidence that the cohesion mechanism related to plastic deformation and fatigue facture in the coating material is implemented [10, 11] .
The friction coefficient at LC4-LC5 for all systems makes about 0.46-0.45. 
CONCLUSION

